Rad50 contains a conserved Zn 2+ coordination domain (the Rad50 hook) that functions as a homodimerization interface. Hook ablation phenocopies Rad50 deficiency in all respects. Here we focused on rad50 mutations flanking the Zn 2+ -coordinating hook cysteines. These mutants impaired hook-mediated dimerization, but recombination between sister chromatids was largely unaffected. This may reflect that cohesin-mediated sister chromatid interactions are sufficient for double strand break repair. However, Mre11 complex functions specified by the globular domain, including Tel1 (ATM) activation, nonhomologous end-joining, and DNA double strand break end resection were affected, suggesting that dimerization exerts a broad influence on Mre11 complex function. These phenotypes were suppressed by mutations within the coiled coil and globular ATPase domain, suggesting a model in which conformational changes in the hook and globular domains are transmitted via the extended coils of Rad50. We propose that transmission of spatial information in this manner underlies the regulation of Mre11 complex functions.
INTRODUCTION
The Mre11 complex is an oligomeric assembly comprising dimers of Mre11, Rad50, and Xrs2 in budding yeast (or Nbs1 in fission yeast and other eukaryotes). The Mre11 complex exerts a broad influence on the DNA damage response (DDR) network, first as a sensor of DNA double strand breaks (DSBs), and subsequently as a mediator of DDR signaling and DSB repair. Mre11 complex-dependent DDR signaling primarily occurs via Tel1/ATM, the activation of which requires the Mre11 complex (Stracker and Petrini, 2011) . Recent data also suggest a role for the Mre11 complex in the activation of ATR, the checkpoint kinase activated in response to DNA replication associated stress (Duursma et al., 2013; Shiotani et al., 2013; Stiff et al., 2004) . The mechanistic basis of ATM (or ATR) activation by the Mre11 complex has not been established, although evidence that activation of ATM is influenced by Rad50-dependent ATP binding and hydrolysis is emerging (Al-Ahmadie et al., 2014; Deshpande et al., 2014; Hopfner, 2014; Lee et al., 2013) . Underscoring its importance for ATM activation and signaling is the fact that mutations affecting the Mre11 complex in humans underlie cancer predisposition syndromes that exhibit phenotypic similarities to ataxia telangiectasia, a syndrome resulting from ATM deficiency (Stracker and Petrini, 2011; Stracker et al., 2013) .
The Mre11 complex has an elongated structure characteristic of SMC (Structural Maintenance of Chromosomes) protein family members (de Jager et al., 2004; Wyman et al., 2011) . It consists of a globular domain, from which the antiparallel coiled coil domains of each Rad50 extend, spanning approximately 500 amino acids in each direction (Stracker and Petrini, 2011) . At the apex of the Rad50 coiled coil lies the Rad50 hook domain, which is characterized by two invariant cysteine residues separated by two hydrophobic amino acids (CXXC; Figure 1A ). Two Rad50 hook domains can dimerize via tetrahedral coordination of a zinc ion by the two pairs of invariant cysteines; the hook domain is thus a Zn 2+ -dependent interaction interface (Hopfner et al., 2002) (Figure 1B ). Based on genetic and structural data, we have proposed that the orientation of the dimerized Rad50 coiled coil domains imposed by hook domain-mediated dimerization promotes the bridging of sister chromatids to facilitate sister chromatid recombination (SCR) (Bressan et al., 1999; Hohl et al., 2011; Hopfner et al., 2002; Moreno-Herrero et al., 2005; van der Linden et al., 2009; Wiltzius et al., 2005) .
The influences of the hook and coiled coil domains appear to be largely structural, as the globular domain is the center of Mre11 complex enzymatic activities; the Mre11 nuclease domain and domains governing Rad50 ATP binding and hydrolysis reside within it (Stracker and Petrini, 2011; Williams et al., 2008; Williams and Tainer, 2005) . DNA binding by the Mre11 complex also occurs within the globular domain; however a precise definition of DNA binding by the Mre11 complex is lacking, and it appears likely that more than one mode of DNA engagement by the globular domain is operative (Rojowska et al., 2014 (Rojowska et al., ). al., 2014 Lammens et al., 2011) . Although it is several hundred angstroms distal to the globular domain, the hook domain may also influence the transition from open to closed conformation (Deshpande et al., 2014; Lee et al., 2013) .
Having previously shown that mutations of the invariant hook cysteines disrupt Mre11 complex integrity (Hopfner et al., 2002) , we sought to establish hypomorphic mutations that impaired, but did not abolish hook domain function. We reasoned that such alleles would reveal Mre11 complex DDR activities directly dependent on the Rad50 hook domain. We randomly mutagenized the conserved hydrophobic XX-residues situated between the invariant cysteines (CXXC), as structural and biophysical data regarding the P. furiosus hook dimer suggested that these residues constitute a hydrophobic interface stabilizing the zinc hook dimer assembly (Hopfner et al., 2002; Kochanczyk et al., 2013) . We focused on three (of over 40) alleles, designated rad50-46, rad50-47, and rad50-48 (referred to collectively as rad50 hook ; Figure 1A ).
Through genetic, biochemical, and biophysical assessments, we established evidence that the rad50 hook alleles partially destabilized hook dimerization. The phenotypic outcomes were diverse, affecting myriad Mre11 complex functions, most of which appear to be specified within the globular domain. Tel1 (ATM) activation was impaired in each of the rad50 hook mutants, whereas homologous recombination, which requires hook-mediated dimerization (Hohl et al., 2011; Wiltzius et al., 2005) , remained largely intact.
These rad50 hook phenotypes suggest that the stability of hook dimerization domain influences the disposition of the globular domain, and thereby functions mediated by domains within it. Mutations within the coiled coil and globular domains suppressed some of the rad50-46 phenotypes, supporting the interpretation that the hook and globular domains of the Mre11 complex function interdependently, and that the coiled coil domains are integral to that interaction.
RESULTS

Rad50 hook alleles with partial damage sensitivity
The Rad50 hook motif consists of two invariant cysteines separated by two hydrophobic residues (CXXC); over 80% of known hook domains conform to a C(P/Y)(L/V)C consensus (Pfam database ID: PF04423). P. furiosus Pro445 and Val446 were shown to bind in trans to a hydrophobic groove formed at the hook loop base of the distal protomer (Hopfner et al., 2002; Kochanczyk et al., 2013) . In light of their conservation, it is likely that the corresponding residues in other organisms also stabilize the zinc hook dimer assembly.
In this study, we examined the biological functions influenced by the Rad50 hook domain. Having shown that mutation of the invariant cysteines phenocopied complete Rad50 inactivation (Hopfner et al., 2002) , we reasoned that mutation within these hydrophobic residues of the hook would destabilize, but not destroy the Zn 2+ -mediated assembly, and so would confer a circumscribed effect, confined to alteration of Rad50 hook function. Random mutagenesis of the codons encoding Y688 and L689 of the S. cerevisiae RAD50 gene was carried out, and the resulting >40 mutants were screened for MMS (methyl methanesulfonate) sensitivity. In some instances, the primers used for mutagenesis also introduced a S to R change at position 685 (S685R). Most mutants obtained were essentially wild-type for MMS sensitivity, and two mutants phenocopied rad50Δ (Table S2 ). These two classes of mutants were not examined further. In this study we focused on the three rad50 hook alleles, rad50-46, rad50-47, and rad50-48 ( Figure 1A ). rad50-46 (S685R Y688E) and rad50-47 (L689R) showed partial MMS, HU (hydroxyurea) and CPT (camptothecin) sensitivity ( Figure 1C ). rad50-46 was slightly more sensitive than rad50-47, the later comparable to a Mre11 nuclease dead mutant (mre11-3), whereas a hook cysteine mutant (rad50-C1G) deficient in Zn 2+ coordination was indistinguishable from rad50Δ. rad50-46 damage sensitivity was a composite effect of two mutations (S685R Y688E), as neither single mutant was sensitive (data not shown). rad50-48 (S685R Y688R) resulted in minimal MMS sensitivity ( Figure 1C ). Damage survival of rad50-46 and rad50-47, but not of rad50-48, was strongly temperature dependent, only mildly sensitive at 30°C, but highly sensitive at both 23°C and 37°C ( Figure S1 ). As they appeared to represent hypomorphic defects in hook function, rad50-46, -47, and -48 were retained for further analysis.
Rad50 hook mutants alter zinc hook dimerization
To determine whether the partial damage sensitivity of rad50-46 and rad50-47 was a result of impaired hook function, we examined the dimerization, Zn 2+ binding and accompanying conformational changes of peptides encompassing 41 or 68 amino acids. The peptides (Table S3 and S4) included the hook domain as well as the adjacent coiled coils on either side that mediate the aforementioned intermolecular hook and coiled coil interactions. As with previous studies of the archaeal hook peptide (Kochanczyk et al., 2013) , fluorescence anisotropy, circular dichroism and UV spectroscopy were employed to examine the molecular outcomes of the rad50-46, -47, and -48 mutations (Figure 2A-C) .
In the anisotropy studies, homotypic fluorescence energy transfer (homo-FRET) between 5-carboxyfluorescein moieties appended to the N-termini of the 68-mer peptides was monitored over a wide range of free Zn 2+ concentrations. With the wild-type peptide, we observed a decrease in fluorescence anisotropy to approximately 3/4 of its initial value at subnanomolar free Zn 2+ (−log[Zn 2+ ] < 10), which we interpreted as an effect of homo-FRET due to formation of Zn 2+ induced hook dimers (Hamman et al., 1996) . The rad50-46, -47, and -48 mutants did not show appreciable Zn 2+ dependent anisotropy, suggesting either that Zn 2+ binding or Zn 2+ -mediated dimerization is impaired (Figure 2A ). An alternative explanation is that the geometry of the coiled coils is altered by the hook mutations, placing the 5-carboxyfluorescein moiety at a suboptimal distance for homotypic FRET to occur.
To address this issue, we used UV spectroscopy to monitor ligand to metal charge transfer (LMCT), which occurs upon Zn 2+ coordination by cysteines ( Figure 2B ). In this setting LMCT is detected by UV absorbance at 222 nm. Under the conditions used, increased absorbance as a function of increasing Zn 2+ concentration can be used to infer Zn 2+ binding stoichiometry. In all cases we observed a linear correlation between Zn 2+ concentration and UV absorbance over 0.0 to 0.5 ( Figure 2B ). For the wild-type peptide, but not rad50-46, -47, and -48, an inflection point was noted at the Zn 2+ :peptide ratio of 0.5 ( Figure 2B ). This is consistent with the appearance of relatively stable Zn 2+ dependent species in which two peptides coordinate one Zn 2+ ion. In all cases, the absorbance continues to increase over Zn 2+ :peptide molar ratios of 0.5 to 1.0. This indicates that presumptive higher order structures are dynamic under these conditions, and at higher Zn 2+ concentrations, individual peptides bound to Zn 2+ predominate. The lack of a marked inflection point in the mutants argues that dimerization is somehow aberrant, possibly due to altered secondary structure of the hook domain, as suggested by the CD spectra ( Figure 2C ) as well as anisotropy data (Figure 2A ).
Consistent with the in vitro data, yeast 2-hybrid analysis data suggested that zinc-dependent hook homodimerization was impaired in all rad50 hook mutants ( Figure S2A -C).
Rad50 hook mutants destabilize the Rad50-Mre11 interaction
The Rad50 hook domain is critical for Mre11 complex-dependent DNA repair functions (Hohl et al., 2011; Hopfner et al., 2002; Wiltzius et al., 2005) , and for the stability of the Mre11 complex (Hopfner et al., 2002) . We assessed the effect of hook mutations on Mre11 complex stability by co-immunoprecipitation from whole cell extracts of rad50-46, -47, and -48 mutants ( Figure 3A ). Rad50-Mre11 interaction was strongly impaired in rad50-46, approximating the reduction seen in rad50-C2A (second invariant cysteine mutated to alanine). Rad50-Mre11 interactions were reduced to a lesser extent in rad50-47 and rad50-48, but were nonetheless clearly affected relative to wild-type ( Figure 3A ). Western blot analysis indicated that levels of the Rad50-46, -47, and -48 were unaltered. These results were confirmed by reciprocal co-immunoprecipitations ( Figure S3 ) and by yeast 2-hybrid analysis assessing the Rad50-Mre11 interaction (data not shown). Hence, both hook dimerization and the Mre11-Rad50 interaction are destabilized in rad50 hook mutant cells.
DSB repair in hook mutants
The changes in Mre11 complex stability notwithstanding, the rad50 hook mutants did not exhibit pronounced MMS sensitivity ( Figure 1C ), suggesting that rad50-46, -47, and -48 mutants were proficient in sister chromatid based homologous recombination (SCR). We used a plasmid-based SCR assay described previously to address that interpretation (CortesLedesma and Aguilera, 2006; González-Barrera et al., 2003; Hohl et al., 2011) . Briefly, a HO-DSB is created during S-phase and the disappearance of the 2.4 kb HO-DSB restriction fragment and appearance of a 4.7 kb SCR repair product can be monitored by Southern blotting with a LEU2 specific probe ( Figure 3B ). In a time course over 9 hours, SCR products accumulated in all rad50 hook mutants to similar levels (rad50-46, 4.6 ± 0.7%; rad50-47, 5.9 ± 0.1%; rad50-48, 6.7 ± 1.0%), as in wild-type (6.3 ± 0.6%), albeit with slightly delayed kinetics, whereas rad50Δ defective in SCR showed only residual repair products (1.6 ± 0.02%; Figure 3B , quantification on right). Hence, as suggested by the MMS resistance, rad50-46, -47, and -48 mutants are largely proficient in SCR.
The reduced SCR kinetics observed might account for its partial damage sensitivity at higher MMS doses ( Figure 1C and Figure S1 ), and for the fact that rad50 hook mutations were associated with a mild hyper recombination phenotype. Spontaneous heteroallelic recombination between the ade2 heteroalleles, ade2-n and ade2-ISceI, (Huang and Symington, 1994) , evident as white ADE2 sectors within an otherwise red ade2 colony, was only mildly increased in rad50 hook mutants. rad50Δ showed an average of >10 sectors per colony and sectoring decreased from rad50-46 (5.7 ± 0.2), to rad50-47 (3.9 ± 0.5) to wildtype levels (1.3 ± 0.4) in rad50-48 (1.1 ± 0.1) ( Figure 3C ).
We showed previously that truncation of the coiled coil domain exerted a similarly mild effect on SCR. In that setting, we observed a strong defect in NHEJ, leading us to propose a model wherein structural alterations within the coiled coils would lead to alterations in the disposition of globular domain and thereby affect resident functions such as NHEJ and Tel1 activation (Hohl et al., 2011) .
Therefore, we examined the repair of a single HO DSB in a strain lacking a homologous template (Moore and Haber, 1996) . Survival after short (2 hours) HO-induction led to 41.3% survival in wild-type cells, compared to 0.7% in rad50Δ. The rad50 hook mutants exhibited NHEJ defects, with of 3.2%, 9.2%, and 22.1% viability of rad50-46, -47, and -48 respectively ( Figure 3D ), compared to 41% in wild type cells. In all rad50 hook mutants, the frequency of imprecise rejoining was increased ( Figure 3D , middle and Figure S4A ). Quantitative PCR to measure rejoining of the HO site was consistent with cell survival outcomes; negligible rejoining was evident at 5 hours post HO-induction in rad50-46 and rad50Δ cells ( Figure 3D , right panel).
Similar defects were evident upon chronic HO-induction. Although cell survival was close to wild types, DNA sequence analysis of NHEJ junctions revealed that the rad50-46, -47, and -48 repair products predominantly exhibited the rad50Δ deletion phenotype (Moore and Haber, 1996) , characterized by small insertion (mostly +CA) events ( Figure 3E , right panel; NHEJ junctions are listed in Figure S4B ).
These data show that NHEJ phenotypes of the rad50 hook mutants are essentially identical to those imparted by truncation of the coiled coil domain (Hohl et al., 2011) , and support the view that hook mutations impair the alignment of DNA ends within the globular domain during DSB repair (Williams et al., 2008) , resulting in a increased fractions of imprecise repair events at the concomitant expense of reducing precise NHEJ events.
Hook mutants are defective in checkpoint functions
The Mre11 complex is a DSB sensor that activates the ATM/Tel1 pathway, which in budding yeast governs DNA damage responses (DDR) and telomere maintenance (Stracker and Petrini, 2011; Tsukamoto et al., 2001; Usui et al., 2001) . As a result, Mre11 complex deficiency is associated with short telomeres (Ritchie and Petes, 2000) . Telomere length was determined by Southern blotting of freshly dissected (rad50 hook /RAD50) spores propagated for 10, 30 and 50 generations ( Figure 4A ). rad50-46 telomere length was indistinguishable from rad50Δ, but marginally longer in rad50-47 and rad50-48. These data suggested an underlying defect in Tel1 activation.
We have previously shown that Mec1-deficiency is partially suppressed in sae2Δ cells in a Tel1 and Mre11 complex dependent manner-the TM pathway, culminating in hyperphosphorylation of the Rad53 effector kinase (Usui et al., 2001 ). The TM pathway thus offers a sensitive means to query the ability of Mre11 complex variants to effect Tel1 activation. In Rad50 proficient cells, in which the TM pathway is operative (Usui et al., 2001) , sae2Δ suppressed mec1Δ MMS sensitivity ( Figure 4B ) and restored Rad53 phosphorylation ( Figure 4C ) to essentially wild-type levels. This suppression was absent in rad50 hook mutants; the MMS sensitivity of rad50-46 mec1Δ and rad50-47 mec1Δ was indistinguishable from rad50Δ mec1Δ and rad50-C1G mec1Δ, whereas rad50-48 mec1Δ was slightly less sensitive but unaltered by sae2Δ. Rad53 activation, as inferred from phosphorylation, was absent in all three mutants ( Figure 4C ). These data demonstrate that the rad50 hook alleles separate Mre11 complex role in DSB repair from its role in Tel1 activation and provide further evidence of the interdependence of the hook and globular domains of the Mre11 complex.
rad50 hook mutations and DSB end processing
Meiosis is a specialized program, in which a DSB created by the topoisomerase II like enzyme, Spo11, induces recombination between homologous chromosomes to establish a physical linkage essential for proper chromosome segregation (Borde and de Massy, 2013) . The Mre11 complex is required for Spo11-dependent DSB formation, for removal of Spo11 from the DSB end, and for timely repair of meiotic DSBs (Cherry et al., 2007; Keeney, 2008) . Sporulation efficiency and viability were severely impaired in rad50-46 (1.3%, 4.3%) and rad50-47 (5.7%, 50.6%), whereas rad50-48 (63%, 88%) was closer to wild-type (81%, 96.8%) in both respects ( Figure 5A ).
The sporulation defects in rad50-46 and -47 were associated with a failure to process meiotic DSBs ( Figure S5 ), phenocopying rad50S, mre11-3 and sae2Δ which are deficient in removal of Spo11 covalently attached to the DSB end Cao et al., 1990; Hunter and Kleckner, 2001; Keeney and Kleckner, 1995; Prinz et al., 1997) . As expected, recombination at the HIS4LEU2 hotspot assessed by Southern blotting (Hunter and Kleckner, 2001; Schwacha and Kleckner, 1997) was essentially undetectable in rad50-46 and rad50-47 over a 24 hour time course, phenocopying dmc1Δ (the meiotic rad51 ortholog) and rad50S ( Figure 5C , quantification on right), both deficient in the initiation of meiotic recombination. Genetic assessment of recombination frequencies was also consistent with the interpretation that rad50-46 and rad50-47 are largely deficient in initiation of meiotic recombination ( Figure S5B ).
The removal of Spo11 from DSB ends is partially dependent on the Mre11 nuclease (Moreau et al., 1999) , and the data above raised the possibility that this function was impaired in rad50 hook mutants. As Mre11 nuclease function also promotes the resolution of topoisomerase I adducts in vegetatively growing cells (Foster et al., 2011; Hartsuiker et al., 2009; Mimitou and Symington, 2010; Morales et al., 2008) , we measured CPT sensitivity in rad50-46, -47, and -48 cells to assess the effect of rad50 hook mutations on Mre11 nuclease function. In contrast to MMS and HU, rad50-46 was acutely sensitive to CPT, exhibiting at least 100 fold greater sensitivity to 5 μM CTP than either sae2Δ or mre11-3 ( Figure 1C and Figure S1 ).
Consistent with the interpretation that the Rad50 hook domain influences Mre11 nuclease function, DNA end resection of an HO-induced DSB at the MAT locus assessed by alkaline electrophoresis and southern blot analysis in G2-arrested cells (Mantiero et al., 2007) was impaired in rad50-46 cells ( Figure 6A ), however not to the extent as observed in rad50Δ cells (Ivanov et al., 1994) . The DSB end resection delays of rad50-47 and rad50-48 were slightly milder than the one of rad50-46 (data not shown).
The extreme sensitivity of rad50-46 to CPT and the pronounced effect on DSB resection suggested that the effect of that mutation extended beyond Mre11 nuclease function. This interpretation was confirmed in rad50-46 sae2Δ and rad50-46 mre11-3 double mutants. sae2Δ, and to a greater extent mre11-3 double mutants, essentially phenocopied rad50Δ in the response to CPT, MMS or HU ( Figure 6B ). Consistently, loss of Sae2 also profoundly sensitized rad50-47 and rad50-48 cells to MMS and CPT (data not shown). Collectively, these data indicate that the hook domain influences Mre11 complex nuclease function and suggest that in rad50-46 (and other rad50 hook mutants), it may pose an impediment to the Exo1 and Dna2, the resection machinery functioning downstream of Mre11 (Mimitou and Symington, 2009 ).
Intragenic rad50-46 suppressors within hook, coiled coil and globular domain
The rad50 hook mutants described herein impair NHEJ, Tel1 activation, and DSB end processing, all of which appear to be mediated by the globular domain of the Mre11 complex. Mechanistic insight regarding this issue came from the identification of intragenic suppressors of the rad50-46 phenotype.
Four spontaneous chromosomal suppressors arose in the course of strain propagation. DNA sequencing of the rad50-46 ORF in the apparent revertants revealed that three of the four were intragenic; two contained a N873I mutation within the coiled coil domain, and one changed the Y688E codon to Y688K, converting rad50-46 to a mutant alike rad50-48 (S685R Y688R). The ability of N873I to suppress rad50-46 supported the idea that alterations in hook structure are transduced via the coiled coil domains, and manifest in the globular domain. Additional suppressors were obtained via random mutagenesis of the rad50-46 ORF from amino acid G78 to S1075 on a centromeric plasmid transformed into rad50Δ cells (see Figure 7A ). Plasmids were recovered from MMS resistant colonies, and re-confirmed in a second rad50Δ transformation ( Figure 7B and Figure S6 ). Eighteen additional suppressors were obtained, ten of which reverted one or both of the rad50-46 mutations. Of the eight remaining, five were within the hook domain (I680V/T, K700Q/R, L703F), one within the antiparallel coiled coil domain apposing N873I (N607Y), and two within the globular domain (P168S, S193F) ( Figure 7A and Figure S6 ).
We examined the effect of suppressor mutations on the interaction between Mre11 and Rad50-46 ( Figure 7C ). The L703F allele restored the interaction, consistent with its pronounced effect on MMS resistance ( Figure 7B ). Mre11 interaction was also partially improved in I680V, K700Q V285A, N607Y, N873I and S193F, but suppression of MMS survival was not strictly correlated with restoration of Mre11 interaction, as exemplified by K700Q and P168S. That was also true for the partial suppression of the rad50-46 telomere and meiotic defects ( Figure S7 ).
We considered two mechanistic possibilities for the observed suppression, both of which are based on the premise that changes in secondary structure were the underlying basis of rad50-46, -47, and -48 phenotypes. In one scenario, the suppressor mutations would alter the coiled coil secondary structure and thereby normalize the Rad50 hook Zn 2+ coordination and dimerization behavior. In the alternative scenario, manifestation of secondary structure changes distal to the hook domain mutations would be normalized in the suppressors without normalizing Zn 2+ coordination behavior of the mutant.
To address these hypotheses, peptides (41-mer) spanning the hook domain and the proximal coiled coil region were synthesized. These peptides were large enough to accommodate the rad50-46 alterations in combination with I680V, K700Q or L703F suppressor mutations ( Figure 7D ). Changes in secondary structure induced by Zn 2+ binding were assessed by circular dichroism (CD). CD titrations of the wild-type peptide exhibited characteristic inflections in ellipticity at 203, 211, and 222 nm, indicating preferential formation of the 2:1 peptide : Zn 2+ complex. The CD spectra for the wild-type recorded at 2:1 and 1:1 peptide : Zn 2+ ratios indicate substantial conformational changes upon Zn 2+ binding ( Figure 7E ). Conformational changes upon Zn 2+ binding of the Rad50-46 hook peptides were much less pronounced. No significant changes in the shape of CD and UV (LMCT) titration curves were observed in absence or presence of the suppressor mutations ( Figure 7E ) and the CD spectra at 2:1 and 1:1 peptide:Zn 2+ ratios were only slightly altered by the suppressor mutations ( Figure 7E , top and middle). Also, zinc binding was largely unaltered in absence or presence of suppressor mutations ( Figure 7E, bottom) . Consistently, in yeast 2-hybrid analysis assessing hook homodimerization, the I680V, K700Q or L703F suppressors failed to significantly alleviate reporter activation of rad50-46 hook peptides ( Figure S2D ).
These data suggest that suppression of rad50-46 was more likely the effect of secondary structural changes in the coiled coils distal to the hook domain than an effect on Zn 2+ binding characteristics of the rad50-46 hook. This interpretation is also consistent with the observation that four of the eight suppressors fell within the coiled coil and globular domains.
If rad50-46 suppression reflected compensation for structural perturbations distal to the hook domain, we reasoned that mutations, which suppress rad50-46, would modify other mutations that impart similar alterations. Thus the ability of the N837I rad50-46 suppressor to suppress rad50-47 was assessed. The same mutation was also introduced in the rad50-C1G cysteine mutant and rad50 sc and rad50 sc+h , in which the coiled coil domain is truncated without or with the hook domain present respectively (Hohl et al., 2011) . The N873I mutation suppressed rad50-47 and rad50 sc+h ( Figure 7F ), indicating that suppression is not specific to rad50-46. In contrast, N873I failed to suppress rad50-C1G and rad50 sc , indicating that suppression requires a functional hook domain.
In summary, the behavior of rad50 hook mutants suggests that the geometry of the hook and coiled coil domain strongly influences the stability and the structural disposition of Mre11 complex globular domain. These outcomes would account for the myriad defects in functions specified by domains within the globular domain.
DISCUSSION
The Rad50 hook domain is an invariant feature of the Mre11 complex, present in all Rad50 orthologs identified. Deletion of the Rad50 hook domain phenocopies complete deficiency in any member of the complex (Hopfner et al., 2002; Stracker and Petrini, 2011) . This observation does not address the possibility that only a subset of Mre11 complex functions are directly influenced by the hook domain, and others indirectly. It does appear that hookmediated dimerization is critical, as replacement with an artificial dimerization cassette is sufficient to restore most Mre11 complex function (Lee et al., 2013; Wiltzius et al., 2005) . We reasoned that hypomorphic mutations affecting the Rad50 hook domain that leave it otherwise intact would provide a means to reveal which functions are acutely dependent on the hook domain. In this study, we examined three rad50 hook alleles (rad50-46, -47, and -48) affecting residues flanking the invariant cysteines of the S. cerevisiae Rad50 hook domain.
Biochemical, biophysical and genetic analyses indicate that hook-mediated dimerization is not abolished, but was compromised by these mutations. Consistent with the view that dimerization occurred in rad50 hook mutants, double strand break repair by SCR was largely intact. This was illustrated by the response of the mutants to clastogens, wherein rad50-46 was most sensitive, but markedly more resistant than the rad50Δ or rad50-C1G mutants ( Figure 1C ). Plasmid based physical analyses of SCR over a 9 hour time course also supported the interpretation that SCR was relatively normal in the rad50 hook mutants, although occurring with reduced kinetics in rad50-46 and rad50-47 ( Figure 3B ).
We have proposed previously that SCR requires bridging of sister chromatids via Rad50 hook domain dimerization (Hohl et al., 2011; Hopfner et al., 2002; Wiltzius et al., 2005) . That model must be reconsidered in light of the data presented here, as it is contradicted by the fact that impaired hook-dependent dimerization in rad50 hook mutants had only a modest impact on SCR. We consider two possibilities to account for this apparent discrepancy. Atomic force and electron microscopy show that dimerization via the hook domain can occur between Rad50 molecules within a dimeric assembly (i.e., intra-complex), or between Rad50 molecules in separate dimeric assemblies (i.e., inter-complex) ( Figure 1B) (Lee et al., 2013; Moreno-Herrero et al., 2005; Williams and Tainer, 2005) . Bridging of sister chromatids would presumably require inter-complex dimerization. Hence, our data may suggest that the rad50 hook alleles impair intra-complex dimerization but have a relatively small impact on inter-complex interactions ( Figure 1B) . A second possibility is based on the observation that the Mre11 complex is abundantly and avidly associated with chromatin during S phase (Mirzoeva and Petrini, 2003) . In this scenario, the increased valency of hook domain interfaces may compensate for the fact that the stability of each individual interface is weakened. Further compensation in this regard may come from cohesin, which is recruited to stalled replication forks and sites of DNA damage (Tittel-Elmer et al., 2012; Unal et al., 2004) . It may be that inter-complex interactions, though labile in the mutants, are sufficiently long-lived to foster cohesin recruitment, compensating for reduction in hookmediated bridging. In this view, the importance of SCR bridging via intercomplex interactions would be minimal.
Apart from SCR, the rad50 hook mutations affected a broad range of Mre11 complex functions. The non-SCR functions affected are primarily attributed to protein domains lying within the globular domain. Based on the fact that the hook domain is so far distal to the globular domain, we propose that these outcomes reflect the potential of the hook domain to exert long range influence on Mre11 complex secondary structure, including the stability and disposition of the globular domain. It is important to consider, unlike the hook point mutations described here, that complete loss of the hook domain, either by proteolytic cleavage or by genetic deletion does not disrupt Mre11-Rad50 interaction (Hohl et al., 2011; Wiltzius et al., 2005) . Hence, it is the structure of the hook, rather than its presence or absence that leads to transduction of structural information between the hook and globular domains via the coiled coils.
This potential was first suggested by the observation that mutation of the invariant cysteines disrupted the interaction between Mre11 and Rad50 (Hopfner et al., 2002) , and further indicated by the impact of the rad50 hook alleles on the Rad50-Mre11 interaction shown here ( Figure 3A) . Such an influence was also suggested by the observation that SCR was largely proficient in the rad50 sc+h mutant, which harbors a truncation of the coiled coil domain abutting the hook domain, also conferred defects in NHEJ, telomere maintenance, and meiotic DSB formation (Hohl et al., 2011) . The fact that rad50 hook and the rad50 sc+h mutations are suppressed by mutations within the coiled coil and globular domains also strongly supports the idea that changes in secondary structure underlie rad50-46 (as well as rad50-47 and rad50-48) phenotypes, and that the suppressors compensated in some way for those aberrant secondary structures. Collectively, the data suggest that rad50 hook alleles are not simply hypomorphic. Rather, they provide separations of function that reveal the long range influences of the hook domain.
Tel1 activation defects are common to all rad50 hook (Figure 4 ) and rad50 coils mutations (Hohl et al., 2011) . Recent biochemical analyses of the human Mre11 complex provide a potential mechanistic basis for this observation (Lee et al., 2013) . The data suggest that the primary functional significance of intra-complex hook-mediated dimerization, which is compromised in the rad50 hook alleles, is to promote assembly of Rad50 and Mre11 dimers within the globular domain, facilitating ATP binding and hydrolysis critical for ATM (and likely Tel1) activation (Lee et al., 2013) .
In this regard, rad50-48 was unique. This mutant was essentially wild-type in all respects but defective in Tel1 activation. Nevertheless, it was indistinguishable from rad50-46 and -47 mutant peptides with respect to impaired dimerization inferred from LMCT ( Figure 2B ) and yeast 2-hybrid analysis ( Figure S2C ). Hence, in this instance, impaired dimerization was circumscribed, and linked only to defective Tel1 activation, consistent with the view that intra-complex dimerization is required for this Mre11 complex function (Lee et al., 2013) . The broader phenotypic effects of rad50-46 and -47 likely reflect that those mutations impart more extensive secondary structural alterations. Supporting this view, the severity of rad50 hook phenotypes is correlated with the extent to which interaction between Rad50 and Mre11 is compromised; most in rad50-46, least in rad50-48 ( Figure 3A ).
The effect of the hook domain on Tel1 activation is conserved. We established rad50-46 and rad50-47 mouse mutants, and found that ATM activation was abolished in Rad50 46/Δ cells (Roset et al., 2014) . Notably, neither homozygote was viable at either the cellular or organismal level, but both alleles exerted a pronounced dominant negative effect. Rad50 46/+ mice were prone to liver cancer, and exhibited myriad abnormalities, whereas Rad50 47/+ mice were inviable, indicating that the Rad50 47 allele had a dominant lethal effect. These data indicate that the influence of the hook domain interface is conserved and can be exerted across the interface to alter the function of wild-type interacting partners (Roset et al., 2014) .
Collectively these data demonstrate that the dimerization state of the Rad50 hook domain exerts diverse influences on Mre11 complex function. The influence appears to be manifest, at least in part as structural modulation of the globular domain. On this basis, we propose that the transitions between the open and closed forms of the Mre11 complex described for the globular domain (Lim et al., 2011; Williams et al., 2011; Wyman et al., 2011) are interdependent with transitions in the mode of hook-mediated dimerization. Together, these large scale structural transitions of the complex likely hold the key(s) to the regulation of its diverse functions in the DDR.
EXPERIMENTAL PROCEDURES Yeast strains and manipulations
Yeast strains used in this study were in the W303 (RAD5), DBY745 or SK1 background and are listed in Table S1 . Details of yeast manipulations, plasmid and yeast strain constructions are specified in the Supplemental Experimental Procedures or are available upon request. P values were calculated using the two tailed Wilcoxon rank sum test.
Fluorescence anisotropy, UV titration and CD spectroscopy
Biophysical experiments were performed as previously described (Kochanczyk et al., 2013) and further information are provided in the Supplemental Experimental Procedures.
Other Yeast methods
DNA damage survival assays, yeast extract preparations, co-immunoprecipitation (CoIP), sister chromatid recombination, heteroallelic recombination, nonhomologous end-joining, telomere length and HO-DSB end resection were assessed essentially as previously described (Hohl et al., 2011) with minor modifications specified in the Supplemental Experimental Procedures section.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. • Mre11 nuclease, NHEJ, and Tel1/ATM activation depend on the Rad50 hook domain.
• Rad50 hook domain mutation effects separation of checkpoint and repair functions.
• Mutations in the coiled coil domain suppress defects in the Rad50 hook domain.
• The Rad50 hook domain is partially dispensable for sister chromatid recombination.
Hohl and colleagues show that the Rad50 hook domain, a Zn 2+ dependent homodimerization interface, influences DNA repair and checkpoint functions of the Mre11 complex. They provide evidence that these influences reflect long range conformational changes in distal regions of the complex controlled by the Rad50 hook domain. Sp, S. pombe; Mm, M. musculus, Hs, H. sapiens; Pf, P. furiosus. B. Schematic illustration of Rad50 hook dimerization between Rad50 proteins within a dimeric Mre11 complex assembly (intracomplex) or between Rad50 molecules in separate Mre11 complex dimeric assemblies (inter-complex). C. Sensitivities of rad50 hook mutants to the indicated concentration of MMS, HU and CPT. The rad50-46 mutational residues were flipped in rad50-64 (S688E Y688R). Plates were incubated at 30°C. Outcomes at other incubation temperatures are given in Figure S1 . A. Mre11 complex integrity in wild-type and rad50 hook mutants assessed by coimmunoprecipitation and western blot with Rad50 or Mre11 antisera. Pre-immune antibodies (PI) were included as negative controls. B. Physical assessment of HO-induced sister chromatid recombination (SCR) as previously described (Hohl et al., 2011) . Representative southern blots are shown. Right panel: Quantification of the 4.7 kb band specific for SCR relative to the total DNA. Error bars denote standard deviation from three independent experiments. C. Spontaneous ade2 heteroallelic mitotic recombination in ade2-n/ade2-l-Scel heterozygot diploids. White sectors (ADE2) within >200 red colonies (ade2) were scored. The average number of white sectors per colony for each genotype is given. Standard deviations correspond to 5-7 diploids analyzed. D. Cell survival (left panel) and NHEJ repair events (middle panel) after acute (2 hours) HO DSB induction at the MAT locus. Error prone NHEJ events detected in rad50 mutants were categorized as insertion, deletion or point mutation and are given in Figure S4A . Right panel: NHEJ repair kinetics for wild-type, rad50Δ and rad50-46. Cells were cultivated for 1.5, 3 or 5 hours in glucose medium following HO induction (2 hours) and repair was monitored by quantitative PCR with primers flanking the HO site. Error bars denote standard deviation from at least three independent experiments. E. Cell survival upon chronic HO induction. Repair junctions were analyzed and sequences are given in Figure S4B . Error bars denote standard deviation from at least three experiments. A. HO-DSB end resection in G2 arrested cells at 30°C in a time course over 210 minutes in wild-type, rad50-46 and rad50Δ cells. 5′-to-3′ end resection products of an HO-DSB are detectable with an ssRNA probe after alkaline gel electrophoresis of SspI-digested DNA. The migration levels of HO-uncut (1.1 kb), HO-cut (0.9 kb), and resection fragments r1 (1.7 kb), r2 (3.5 kb), r3 (4.7 kb), r4 (5.9 kb), r5 (6.5 kb), r6 (8.9 kb) and r7 (15.8 kb) from the HO-site (HO) are indicated. Right panel: Quantification of the r2, r3 and r4+r5 fragments of the southern blots shown. Similar results were obtained in three experiments. Note that the blots and quantifications for wild-type and rad50Δ were previously published elsewhere
